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FOREWORD

The work described in this report was authorized under Task 1B522301AC8101,
Dissemination Investigations of Liquid and Solid Agents (U). The work was started
in April 1944 end completed in September 1986.

Reproduction of this document in whole or in part is prohibited excent with
permission of the CO, Edgewood Arsenc!, ATTN: SMUEA-RPR, Edgewood Arsenal, i
Morylond 21010; however, Defense Documentation Center is cuthorized ro reproduce %
tha document for US Government purposes.

The information in this document has not been cleared for release to the 4
general public.




An investigzation of the genecration of aerosol by ultrasonic means
*as started. Altuaough the work was terminated before it could be con-
pleted, the methods snd results of this report should be useful in any
future study. The theory of a liguid flow over the surface of an oscil-
lating reed was studied to help the understanding of high flow-ratc
devices. A simple rocassancd itheoiy has been deveicped which contrasts
with the usual parametric capillary wave theory. An experimental photo-
optical technique has been devised and used to give quantitative infor-
mation on droplet size and velocity distributions. Capillary wave
bebavior has been examined experimentatiy and compared with existing
theory. A possibhle explanation of the transition of capillary waves to
an aerosol has been suggested. The existence of cavitation during sonic

aerosol production from water was verified.
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Vdyrnts

o

This report summarizes a study of the problem of the basic mechanism

of sonic aerosnl fcrmatiomn. ‘

Aerosol production from a thin liquid laver on a vibratiag surface
has been known for many years, yet the basic mechanism controlling the
drop formation is not known with certainty. Two possibilities are gen-

erally suggested. One 1s ihat capillary waves, excited on the surface, ;

R R O R

E grow to un unstable size and throwoff droplets from the peaks of the aaves,

The theory of capillary waves themselves i1s well estabiished—see for

only been explained in an empirical fashion. )

- -~ . 8
H
i - —
T FIIMED A% IARK
SO e e »
| INTRGDUCTION '

S g example, Eisenmcngcrl——but the step from capillary waves te aerosols has
-y

The other possibility is the mechantsm of cavitation. The gereration

and collapse of microbubblies by intense sonic forces is believed to cause

enough agitation in the liquid layer to cause the disruption cf the surface.

A theoretical determination of capillary sz2ve forms in a liquid layver
flowing over an oscillating reed, a simple model for the high-flow devices, iL

is made in Section Il. The free surface wave is found to grow through 3

resonant instability. In this linearized model, pressure extremes occur

at the free surface (where they are balanced by inertiul and suriace tensien
forces). it follows that the cavitation mechanism for aerosol formation
would be 1nitiated near the free surface. Some correlation between aerosoi

drop size and capillary wave lengths is obtained.

Section 11l describes work, largely experimental, from another ) :
direction. Here, the approach was tc first make experimental observations

and then compsre observations with existing theory. Work »as pursued on

the velocity and size distribution of the droplets. Capillary waves and

the subscquent transitions to an serosol were examined extensivelyv. An

atteapt was made to obtain some design information on high flow-rate

atorizers that were developed in the earlier phases of the project. Also

a sampling technigue was adapted for use with these high-flow devices.

e tis e S winn &




Section IV is a brief summary of this work and it: couclusions.

Section V contains an evaluation of the preliminary resuits of this work

and suggestions for using sonic generators for dis:emination of CW agents.

The sonic studies described in this report were done by various staff

members working along lines that cculd be separated at the beginning of ;

the study but were to be merged as the work progressed. Because of a
change in the overall SRI acrosol dissemination program, the several

pieces of this study could not be completed 2nd integrated:; kence, an
unzvoidable lack of continuity between and within sections will be apparent

to the reader.




{{ THEGRETICAL STUDIES OF ULTRASINIC ATOMIZATION

A. Caniliary Waves Formed on the Surface of Fluid Flowing

over an Oscillating Surface

This theoretical study has the osbjective of determining the wave
length of small capillary waves on the surface of fluid fiowing over am
oscillating surface. The wave length is of interest since it is likely
to be closely relatzd to dreplet diameter of any acrosol produced from

the fluid.,

The analysis begins with an idealization of the physical situation.

The present mathematical! model differs in two ways from those used in
23

ablit iincs

previously published analyses.

{1) The oscillator is considered to have a rocxing motion
rather than a uniform transverse vibration. This
compiicates the analysis, since the underlying samooth
flow fitting the oscillating boundary is no longer

just a rigid motion of the flsid. The rerking motion

more closciy simulates the motion of our high-flow J
é!
5

devices {Section I11-A-4).

{2) The amplitude of the waves is supposed to pe cecapa-
rable to the amplitude of the excitation. This is
likely to be the case near the upper limit of validity
of a linearized, small-wave theory.

The results differ from previous results in that the unstabie waves
are of resonant rather than of the parametrically excited type. They are
sieple standing sine waves and so fail to expiain the observed localiza-

tior of unstabie waves on the disseminator.

—yn

1. Mathematical Model

in the model, the oscillating surface is taken te be infinitely wide

and its mode of osciilation is simpiified to that of a rigid, flat plane :

in oscillatory rotation through a small angle about = <i1xed axie.




The fluid is supposed to be inviscid and incompressible and to be

in irrotational, two-dimensional motion. It follows that there is a

velocity potential © obeying Laplace’s equatioan
Q. + 9, = 0 (1)

such that the velocity components are ¢, and ®,. Here (X,¥} are labsrators

ctvordinates, and literal subscripts indicate pertial differentiatison,

Bernoulli’'s law® relates the pressure P to the potential functian:

-~
(M)
~

Pip+ (92 « ©3)/2 + &, = C(D)

where p is the constart density, 7 is the time, and C is an arbitrary
function of T alone. 1§ F(X, ¥.T) = 0 is a surface along which the fluid
particles flow, i.e., a materiel surface in the fiuid, the kinematic con-

dition relating F and ¢ reads
F_-@F »OF =0 . (3)

For the function F defining the free surface, (2) and (3) hold witk the
pressure in (2) being due to surface tension and therefore taken prepor-
tional to the curvature K of the free surface:

X (FI:Fizr"?FanFr’Frng)/(Fi’F;)n - (4)

If the constant of proportionality is written pT, the free surface dyranic

condition becomes
S ¢ (D « B1)/2 = TK . (5}
To complete the model, the wall oscillations and conditions neced to

be specified up- and down-stream of the region of interest. To obtain a

first, sioplest preblem, take the wall to be straight and rotating:

x

.
Lt i L

Y = X tan 8, ©6 - A sin T (6)

shere A and « ar= given positive constants, 4 < n/2. The region of
interesg 1s 0 < X <L, Y > 0.




Conditions at X = 0 and X = L are specified Lelnw to simplify the
mathematics.

2. Beundary-Fitting Cocrdinates

It is convenient to introduce coordinates {x,y,t) in place of {X,¥,T)

by wneans of

x = {Xcos6 + Y 21n ©)/L
y = (=X sin © « Y cos 9)/L
¢ = (7)

chere the length L of the reed and the circular frequency « of its oscil-
lation have been use?d for the nondimensionalization. Poiential function ¢

and surface functivn £ are replaced by

4

T -
:x.v.7 "4 CL{TMT /e’

f

¢(x.j.!)

"

Fla,y,t) FXY.T . {8)
One finds that ¢ satisfies Laplace’s equation ia the nes coordinates:
@, * D, = @ . {9)
The kinematic conditioa on any rmaterial surface f(x,y.t) = 0 reads
f,r Uyf, - :f’)ﬁé‘ ¢, f, oS, - 0 on f = 0 . (19)
If f =0 is the free surface, dynasic condition (5) becomes

9,32

@+ (yf, - " @& - GW2 T f f2 -2, ff, « [ I - =0

on f = O

s
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©»

-,

4

L4

-
[

, = TelafL? : (12)

and the prime indicates differentiation for a function with one argument.
The kinemati. condition on the oscillating wall is found by putting

f & ¥ in equation (10):

¢’ = xAH' on y = @& . (13)

The two conditions on the frec surfsace are simplified if function f is
considered to be solved for y so that f = y - g(x,t). These conditiorns

then read

g, * (yAt' < ¢)g, ~ 246" - ¢ = @ on y T g (13)

-

¢z + (3¢x = ;¢’).-16" * (¢x20 ¢ﬁ/2 - T;gxx/(l ¢ 82‘7’ on y = g - (15)

.
x

Upstrean and downstream boundary conditions are prescribed somewhat
arbitrarily. A simple requirement is that the fiow in the y direction

is the same as that c¢f the vibrating reed at both places:
¢. = 0 st x = 0 {16)
¢, = A6 art x = 1 | (17)

3. Perturbation Series

Parameter A is f£mall and serves as a perturbation paramater. When
A = 0 there is no fiow, so that potential function ¢ can be taken to be
zero, and free surface height g to be a2 constant, A. Assaming that ¢

and g can be expressed as series in A gives
¢ = Agf) . gltn o

g = ho+ Agli) e AZ2gAD (18)

4

dy vl ot mre
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xhere the coefficients of prwers of A are functions of x, y, and t. Sub-
stitution of the series into the various equations shows that the PARR)

are all solutions of Laplace’s equation.

From equatiens (13), (16), aad (17)

gl =8’

ony = 8orx = florx = 1 . (19)
¢;:) = 0 i = 2,3, .“}

Equation (14) gives, through terms in 42,

) . L )
g, x6 Jé‘

1
(=]
<]
2

[

[}
S
—~
t
[+]
~

gl? + hegth) '¢i”gi”-é_‘,;’g‘“-¢;2’ =0 on y - h (21)
shere ¢, on y = g is expanded into a series in A:

S PR 12 200 MR PR FURRS B L 718 FERSOS N §73)
Sipilar treatment of equation (i5) gives

¢t = Tl on y = (23)

‘ : . 12 2 .
E NG g L G - xgtD16 o (BT I 2 5 1,62 on y - b

4. First Order Solution Functions

The general solution of Laplace’s squation shich satisfies the

boundary conditions prescribed for ¢¢!) in equation (i9) reads

-

$tir = (y - R}O" -

u M9

B, sin nnx cosh nmy -(23)
1

where the B, are as yet unknown functioas of ¢. Fliginating g'Y betweern
equations (28) and (23) gives the other condition on ¢' 125 |

S

T

szy

T, on y = A . s 126)

«

T
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R TR
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Substitution of the expaunded form of ¢4 pgives

D4

7 sin nﬂx[B: vosh avh + (nn)3TiB. sinh nnhl 0 . (27)

Since the functions sin nnx are linecarly independent, therr coefficients

in cquation (27) separately vanish:

B, - '8, 0

Frem this

= -~

zhere Bno and Bnl are ronstants determined by seme initial coadition. -

Equation (20) gives

(n
&

"
M8

(nm/% ) sin nnx sinh nma B o Sin At - B , cos X £} .
L] n 3 n - n

(30)

Assuming that at a certain time the free surface is unruffled and its

particies are momentarily still implies 8, -8B, =0 for all n so that
A Y S 3 - AL L L (31)

ahkich is taken to be the first order solution.

5. Second Order Solution Functions

(2

AT - (nﬂ)JT‘ tank anh . (28)

B, = B_,cos At + B,, sin 2t (29)

The equations to be satisfied by £'?' and g'?' are Laplace's equation

and conditions (19). (21}, and (24). Thke last t=o read

e xET)2 = Tt on y

z3

"
&

(33)

while the general solution ef the other equations 1s

-3
$f2 = % C, sin anx cosh umy . (34)

reamateey

4 M

Y
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t2)

Elimination of g between equations (32) and (33) gives

o!2' = Tef2) + x20'9°  on (33)

zxy

The solution of this equation under gquiescent initial conditions hkas the
form of equation (34} with

B,/(A2 - 4)) sin 2¢ , A, £ 2
¢, - (36)
\[-Bu/4lt cos 2t . A = 2

where

DR

{(-1)°{{am)? - 2} s 2}/4am)}3 cosh nmh (37)

and A_ is defired in equatien {28).

The systes is resomant at A, = 2. The corresponding value of n is

the integer ng nearest to a solutien of

(a,m)3T, tanh ngmh = 4 . (38)

The wave with n, crests and troughs either has much greater amplitude
o -4 & p

than other waves 1if A.O is near to but different froz= 2, or it has an

amplitude growing with time if A 4, = 2.

In approximation one takes
ot - C&o sin a 7x cosh ngmy . {39)

By equation (32) there cerresponds

8(2‘ = nonéao sin n 7z sinh nywy (490)
where
- .
i-10_/2(A2 - 4)] cos 2t -
T, - | To(41)
[—(D‘/m) (cos 2t + 2t sin 21) .
17
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6.

Aerosol Formation

QOne thecry of zerosol formation relates droplet size directly to the
vavelength of capillary surface waves. The wavelangth A of the resonant
surface wave found above is 2./n,. If nygmh << 1, then tanh agnh - n 7wk

and equation (38) can be solved for n, so that
A= L /8% = mGaL/a )k (42)

where y = o7, is the surface tension aad AL the undisturbed deptih of the
fluid.

Data rcported in Tabies II and 11l in Section I11-A were obtained in
experiments with different fleids at nearly the same frequency. For a
qualitative result, cne can assume the fluid depth to have also been con-
stant. It is then possible to ralcuiate by means of equation (42) the
dependence of droplet diasmeter on surface tension and fluid density.

This is dore by assuming wavelength and aerosol diameter to be propor-
tional with proportionality constant given by the data for water. One

finds a rough agreement with observation, as seen in Table I.

Table |
TECRETiCAl. CROPLET DIAMETERS

= - — g

| TatoreTiOn | AVERAGE

2 : q;‘i Fater 30 30

¥ T Acetone 2 22

ot & Ethenol 24 12

. 2NN Uethylene chloride 25 30

i " E Toluene 5 kY

? N Ethyl acetate 3 »

In ancther theory, droplets are supposcd te be formed during the
catastrophic collapse of cavities. Equation (39) shows the potential, ¢,
to be proportional to cosh aymy. Hence, derivatives of ¢ and, by
equation {2}, pressure variations are greatest at the free surface, where
y is greatest. The present analysis thus predicts that cavitation will

be concentrated near the free surface of the liquid.




7.

Discussion of the Model

The mathematical model above is one in which the vaves are of ampli-
tudes comparable to that of the reed. The smooth flow on which the weves
are superposed has been taken to be one in which the fluid surface remains
parallel to the reed. The results of these assumptions are that the ef-
fects of rotation are minimized, and that the waves have uniform amplitude
down the length of the reed. Also, the tvpe of instability shown is just
the large amplitude resonant response of a linear, fixed-parameter system
driven near a critical frequency. This resonznce occurs at twice the

driving frequency.

By contrast, the theory of Benjamin and Ursell,? which is well sup-
ported by their experiments, provides instability excited parametrically.
The unstable waves grow exponentially fast, their fundamental frequency is

half that of the driver, and harmonics of the fundamental are also unstable.

The main difference between the two theories seems to be that the
driver amplitude is smzll in the present theory—of similar magnitude to
the resulting waves—while in the theory of Benjamin and Ursell the waves
considered are small with respect to the driver amplitude. This is evi-
dent in their linearization of the Bernoulli equation, where a product of
driver amplitude and wave amplitude is retained. Such a product is a term

of second order here and would not survive linearization.

A major feature of the observed flow that has not been found in the
present analysis is the localization of instability., The waves found here
stand with constant amplitude down the length of the reed, shile aerosel
formation occurs only near the tip of thza reed. Taking the basic smooth
flow to be flow with fixed free surface instead of flow with free surface

following the reed oscillations may correct this defect of the theory.

An experimental device presenting s wide flat surface undergoing
simple rocking escillations is shown in Figure 1. The waves over a large
part of the aluminum wedge should be uniform and regular, with no distor-
tion from curvature of the underlying surface or from edge effects. The
theoretical analysis presented above refers directly te this configuration.
This experimental device would facilitate the needed comparisons with

theory. -

19
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. TA~£500-3%2

r I FIG.1 A SIMPLE-GEOMETRY ULTRASCNIC
f 3 DISSEMINATOR

3 B. Dectermination of the Normal Modes of Vibration

£ of the Wedge-Shaped Device

3 i. The Physical Model

. The physical model is an axially symmetric shaft with the cross-

: section shown in the following figure. In tiew of the axial symmetry,

vl

] the radial and vertical displacements, u and = respeectively, will

: depend only on the coordinates r and =.

T Suitable boundary conditions might

ke
3 Zz
u
n = — =90 = 0 2 = 0
R at () |
n
a'=0,a”==0 at r = b
(2)
and
0'=0.cr‘=0 at r = bz/1
N 3)
e Y —

wshere 5 and t are normal ané tangential
directions and o represents stress in

the usval notation.




Since the nonzero stresses are given by

-
»

b

3

(6)

where G is the modulus of rigidity, we can rewrite the boandary coanditions

(2) and (3) in terms of the displacements cs follows :

A >
PPV INLCINN O B (2a)
dr r f‘:/
Ay  du
—_— = 0 (Zb)
r a2
2 2 a ar e a ‘ T
N Y P-4 Y (R ey —261{;(_3» =Y. 6 (3a)
or r o \ ©or r \7r az]
., - [ Au 3y 9n
(l-“b')-*—)oz —_— o — -
> 5] N5 5 0 (3b)

The proposed method of solution is that of Rayleigh-Ritz, described
here briefly. Let V a2nd T be potential and kinetic energies of the model

at any time. Thea V is a functicn of the nonzero strains.

Su

(3 = -

’ or

-~
1Y
A

S

Ny
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VLY
e T 2\ 3, * 3z (10)

while T is a function of the displacements u and r. If we suppose that

u and ¥ have the forms

e = i§, ;i (11)
= = ar, {12)

where the a, are constants and the u, and v are functions of r and :z,
and tﬁai each pair, u, and v , setisfies the boundary conditions (1),
{2a), (2b), (3a) and (3b), then V and T wili depend on the a,. The ratio

o2 —— (13)

° [ 4 A ° T = 0 i 9 (14)
Ba Sex Qa asx » 1§ = 1, 2, ..., n . 14

Equations {14) are linear and homogenous in the ¢, and thus 2ill have a
neatrivial solution only xhen thz determinant of the coefficients vanishes.
This condition reduces to an ath degree polynomial equation in A called
the characteristic equation. The roots, A"} of the characteristic equa-
tion provide upper bounds for the squares of the first n natursl frequen-

cies of the model; that is,

(RY
e
M

Y N e =
AR 2wl Ale voeeas MRE > 2 (15)

-
Iu the case that the set of functions {u,,x,,u,,£,,...+ is complete then
IRRS KR LR P

K:"’ - zf as n T
While the method described is theoretically applicable. it appears
difficult to gensrate a sequence (u ,x } that satisfies the boundary

conditions. Furthermcre, there is some gquestion regarding the proper
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Te evaluate the integral, note that region of integration over r and :z

is

¥4
8 3 N /AN,
. - X f
E | f
LSS .
-2 - 5 -

- . TA-49C0-287

which in 7 - 73 coordinaces is

7 - 2(r,z) ) i _3_:_ dr 93z
375 - 3 3 7 37 (20)
: = Y +7 -7 so that

and  {J| = bl. Thus the integral is given by

1]
- - 2 2 2 2 5
illue tE e ) 2 2ule, vy vl b e ]

=17-

{1 « Pddrdy  {21)
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(a? + 22){1 + r)drdy

The expressien for T in new variables is
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for T becomes

the expression

3)

+ 2)(1 + ridrd3
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The quantity that needs to be computed is

If we let EX = A, Ef m n

N |

and

then

d

It+n

s
.r“im

® G2 U+ r)drdy

] o=
I
]

j
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The integrals above are evaluated numerically by summing properly
weighted vaiues of the integrands at mesh points, the mesh being super-
imposed over the triangle in the preceding diagram (on page 24). In the
example b/1 = 6.8926 and b/l = 0.4464 wcre considered and the calculated
values of p? are

= 0.346% .

‘These values do not give an estimate of the true values of p?. More
reliable results can be obtained by selecting more free parumeters such

as ‘a’ in equations (16} and (17), and establishing convergence numerically.

Furthermore, it should be noted that the results of the two-
dimensional protiem very much depend cn the boundary conditions on the
surface z = 0. The conditions existiang in aa experiment should be care-

fully designed before any accurate estimates can be done.

4. A Very Simple Approximation

The solution of complete two-dimensioral probiems is very difficult.
flowever, in order to get accurate results we should attempt to solre the
probien. In the meanwhile a very simple model has been constructed to

g=t the order of magnitude of the frequencies.

The cylinder is held together by shearing
@~ e ey stresses 7__ and normal stresses og. It will be
{ \\\\ . 1 assumed these are small and can be neglected. Ther
x the cylinder under consideration can be considered

to be censisting of infinite numbers of thin laminae

7 c¢f triangular shape. These laninae can vibrate in-

dependent of each other. Then the problem reduces

to finding the natural frequency of vibration of a

thin lamina of the Iollowing shape.

» This lemiva will be considzred as a sinple

TA-490G-2854 cantitever bears of varying cross-zection.
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Then the deflections y of the beam can be assumed to be

Y = X(x) cos pt .

The boundary conditions to be satisfied are

2

d-X
(1) Ei(x) — = 0 x = 0
dx?
a1
d X
(2) —~—IEI{x) = 0 x = 8
dx dx?
(3) X = 0 x = i
dX
(4) — = 0 = |
dx *

The solution has been attempted by the Ritz method.

~

The following expression for X has been assumed.

z\ x \2
X = a, i1 - 7- + a, 7- i- 7) + ...

This exprezsion sztisfies the boundary-condition. Then the Ritz method

reduces to the evaluation of p by the following equation:

! 47X\ 2
jIrayft—) d
o dxz)

x

E
p? = =
p

i b "
] '-IX‘a'x

{

shere
1 fbx\?
iz} = — |— .
_ 12 \I;
®ith a, = 0, the evaluation of integrals yields
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If we use both &, and a, then we have to use Raieigh-Ritz method of

minimizing the integral

! 2
dx A
s = | I [Z2) - p2 22 x2fax .
dxi’ E
)
This process yiclds
) 9.431 E &*
pt = - o |
3 p 14
The frequency f is given by
P
£ 2




P11 EXPERIMENTAL STUDIES

A. Studies of Particle Size and Velocity Distribution

Y. Ultrasonic Dissemirator

, ‘The ultrasonic dissemirator used for these studies is similar to E
3 one described earlier.® The design followed quasi-optical principles 3

RN - for sircular Fresnel lens construction, assuming that an ultrasonic beam
. reflects from an air-solid boundary following the same laws normally
applied to light reflections. The disseminator is shown in cross-ssction
iu Figure 2 and constructed ready for operation in Figure 3. Con-

3
struction is of solid aluminum, ard the uvitrasonic energy is supplied by ;

CIRCULAR HOLE ' 1
WiTH ROUND BOTTCM \i5° -

AN N\
1 'Y .

/ 30°
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n v

30°

v
e ariryd
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FIG. 2 CROSS-SECTIONAL VIEW OF THE ULTRASCNIC DISSEMINATOR
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DISSEMINATOR WITH BONDED TRANSDUCER
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A

a 2-inch-diameter, 1.25-inch-long, lead zirconate solid cylinder fitted

in the circular hole in the base. Maximum vibration occurs on the upper
conical face over a ring area adjscent to the lip of the center hold.
Considerable vibration also occurs over much of the surface of the center
hole, though it is of lower amplitude. For these studies, only the high
amplitude area has been used. As constructed, the device is far from
cptimum: much basic information concerning the focusing of sound waves

from a cylindrical source remains to be learned.

The electronic device used to drive the lead zirconate cylinder is

a self-excited oscillator in which the transducer becomes a component in

the output stage. By proper tuning, the driver can be made to “lock on’
to the resonant frequency of the transducer-disseminator combination and
deliver maximum power at that frequency. The actual circuit used

6

(Figure 4) is an extensive modication of one ussd by Perron® to power an

6L66C $ 5 4.5 Hy 0- 200 mA TRIAD
wC-ig 3 -
o

T2-230Q-S9R

FIG. 4 SELF-EXCITED OSCILLATOR

vltrasonic oil burner. The use of a resonant device kas provided a more
steble drive to the disseminator ard has proved much less bulky and
trosblesome to operate than the standard cembination of RF oscillator

snd wide-bend power amplifier.

2. Measurement Equipment and Techniques

A photo-optical technique was used to directly measure properties
of the aeresol produced using the ul:rasonic disseminator. The measure-

ment system had to previde a method of enlarging the images of the

KX]

et

BRI &Etiea




aerosol droplets 1o a usable size, a method of recording the images thus
produced, and a method of ligkting the images so that instantaneous
velocity information from individual draplets could be recorded for later
analysis. The chesen technique imposed n limitation on the size of the
aerosol spray: it had to be confined to a narrow stream, so that indi-
vidual droplets could be rasily distingeished without being obscured by
the many other droplets which would be preseut in a full circular spray.

The dissemirator operating in this manner is shown in Figure 5.

a. Opticzl Apparatus

The design of the optical system is shown in part in Figure 6
Light from the electronic fiash unit is collimated before passing through
the aerosol spray. Images of the aerossl droplets, which appear opague
when illuminated from the rear, are focused by the objective lens. A
negative lens placed at this focal plare enlarges the image, producing a
magnification of 26X at the final film plane. The film is mounted in a
4 X 5 view zamera equipped with a shutter synchronized with the flash

unit.

b. Electronic Flashtube Light Source

An electronic flash source was designed tc provide short-duration
light pulses for recording droplet images on film without noticeable
movement. The unit was developed for two purposes: (1) te produce
single-flash illumination of the aerosol stream for investigating the
methed of droplet formaticn at the surface of the disseminator and to
investigate droplet size distribution &t various locations in the aerosol
stream; and (2) to produce double-flash illumination for studying droplet

velocities in the strean.

This unit employs two flat-tace, 3/4-inch-diameter flashtubes which
have flash durations of 10 usec, and a step-adjustable time delay between
flashes of 20 isec te S millisec. Figure 7 shows a schematic diagram of
the unit as operating for use with high-speed black and white {ilm. Fhen
color fila was employed for studying the droplet velecities described
below, the short fiash durations fell within the film's reciprocity
failure region, causing an apparent loss of film speed. For use with

color film, the size of the storage capacitors was doubled.

BTV PR
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FIG. 5 ULTRASONIC DISSEMINATOR WiTH LIQUID-FEED ARRANGEMENT .
FOR PRODUCTION OF NARROYW AERCSOL STREAM
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FIG.7 COUBLE-FLASH UHIT WiTH VARIABLE FLASH INTERVAL

To focus both flashtubes at thepoint of droplet dissemination, a
device resembling a2 beazmsplitter was devised {Figure 8). Witk this

arrangement, the light from one flashtube passes directly through & Lalf-
silvered mirror while the other is first reflected by a fully silvered
mirror and then by a half-silvered mirror. Thus beth light sources

appear to be produced at the same point and csn be accurar:ly focused at
the moving droplets.

¢. Colos Protography Technique

Studies of droplet velocities with thedual flash unit using gwo
short-duration light flashes separated by a known interval were initiaily
performed ueing black and white film as the recording mediuvn, with
typic2l results as in Figure 9. Two images of each droplet were recorded

on the filn and che distznce of travel during 2 known interval could
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FiG. 8 DOUBLE-FLASH HEAD AND COMBINING MIRRORS
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FiG. 9 DOUBLE-FLASH PHOTOGRAPH GF AEROSOL
STREAM. Disseningior surface ot fower lefs,
Ficsh iaterval 200 pesc. Magnification 26X.

then be measured and the velocities of individual droplets calculated.
Those photographs showed that it was possible— though often difficult—
to identify many apparen: droplet “pairs,” t.e¢., the same droplet photo-
grephed by the tso flashes. However, with so manv droplets present,
positive pair identificaticn became tenuocus. since droplet diaceter was
the enly criterion for seleciing pairs. For this reason, we investigated
cclor techniques 20 aid in separating the droplet stream recorded by the
first flashk from the stream recorded by the sccond. W¥®ith succeesding
exposures cf contrasting colors, correct pair identification could be

accomplished more reliably and more often.

A color filter vas placed over one of the flashtubes, the cutput of
which then contrasted with the naturai bluish output of the unfiltered

tube. After experimentation with 10 colors, a light yellox No. 6{Ki)
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Bratten filter was chosen. Times ranging from 20 psec to 5 msec betwsen
exposares were tried; a good time difference for positive drople: pair

identification and accurate distance messurement is 200 usec.

At the same time, we experimented with various color filns in a
search for s meterial that could produce an image with usable color
contrast vhile retaining sufficient semsitivity with the short (10 usec)

exposure time and without objectionable gain size. Polaroid Type 58

color film was first tried as the recording medium but was soon shandoned

3 beczuse it did not have the necessary speed. The next material tried was

= Kodak Ektachreme sheet f{iim, which produced marginally usable results
o ) whea specia_ly processed for 4X (2 stop) iacrease in effective film apeed.
v g This special processing, while affecting the color balance of the film

(cften nonreproaucibly), did not materizlly increase grain size or reduce
acuteness.

The scarch for a suitable recording medivs ended 2fter experimenting
sithk roll-size Kodok High-Speed Ektachrome fiim. This film, shich has a

sensitivity advantage of 3X over Ektachrome, can produce usable results

[YVons

with normal processing methods.

An example of the results obtsined using this techaique is shown in
Figure 10. Here, the first set of dropiets is blue and the second set ¥
is yellow, with the backgrourd a combination of these colors, The ex-
- posure was made in the foilowing manner. The first flash was through the
yellow filter, exposing the film everywhere except through the aerosol 5‘
dropiets, the areas of which were left unexposed (opague). The szcond =
and bluish flash occurred 200 usec later, exposing the filz everywhere
cxcept in the areas then occupied by the droplets. Thus, the backgrouad
J assuned a greenish color and the areas left unexposed by thes first flash i

were exposed blue. The positions the dreplets occupied during the hlue

ou v

flash vere not exposed to the blue and were left yellow.

Many of thedata fordroplet size distribution studies were taken ‘
1:tk this color filc and single fiash illumination. The droplet adge :
definition was superior tc that obtained using fine-graiued black and

: rhite fils. In this case, one unfiltered flash was used, producing .

trznsparcncies showing a biue background which contrasted well with the o

opague droplets. -
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FIG. 10 DOUBLE-FLASH CGLOR PHOTCGRAPH OF THE AEROSOL STREAM. Interval betwsen flashes is 200 psoc.
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Readout of bothdroplet diameter and distance of travel was accom-
plished using a Tele-Readex Mode! No. 29E-32 film unalyzer which permits
10X viewing of projected images and provides for first digital readout.

-

3. Data and Results

All data were taken while the disscminator was operating at reso-
nance, about 53 kHz. Because the construction was imperfect, three or
four individual resonances cculd bes obtained using slightly different
tuning settings of the self-excited oscillator. Changes in temperature
during operation would also sloxly shift the resonant frequency. During
each experimental rum, the device was constantiy retuned, and care was
taken to ensure that the same resonant peak was used for each complete

run. Power delivered to the disseminator averaged 5.3 watts for all rums.

Test liquids were zpplied to the active area of the disszeinator by
floxing them through a 26-gage hypodermic nz=dle. Liquid fiow rate was
measured by observing the level change in a burette; the rate was varied

by means of the burette stopcock and by varying the liquid head.

a. Aerosol Droplet Size Distribution as Affected
by Surface Tension and Viscosity

To gain basic information about the physics of aerosol produc-
tion, we first investigated the possible influence of surfacs tension and
viscosity on aeroso! formation. Each of the liquids listed ir Table II

was disseminated by the apparatus described above.

Table Il
LIQUIDS SELECTED FOR STROSOL DROPLET SIZE DETERMINATION

£ 1ouD pexsiry | Pl | viscostry
(g/ce?) {dyaes/cc) lep)
Yater 1.00 12.3 1.00
Aceteone 0.79 3.1 0.328
Ethasol 0.75 22.3 1.20
Yethylene chloride 1.34 50.2 0.449
Toluene 0.87 238.5 G, 390
Ethyl acetete 6.9 23.9 0.455
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These early experiments were done before development of the
photographic system was completed. The 26X pheotographs were made on
Polaroid film and droplet diameters were read using a hand lens. All
droplets in a one-millimeter-square area centered at a distance of 1 milli-
meter from the disseminatur surface were measured and each droplet size

was determined to the nearest 10-micron diameter. The results, shewring the
percentage of each droplet diameter srcountered and the total number of

droplets ccunted for each sample, are shown in Table IIl.

Table III
AEBOSOL ESGPLET DIAMETERS

TOTAL me%ﬁf g;m DROPLET 1
LIQUID NUNAER OF
DROPLETS | 16,0 § 20 | 30i: | 405 | 5022 | 60 E
Yater HH seloszleaz]as) s2! =
Acetcae 176 3t Jag loe J 8 j2 1 j
Etharol 2 83 |31 jiz b2 {-- | -- i
Methylene :
chloricde 266 19 {27 |20 |18 |11 $ 1
Tolgene 297 3% |35 |2 13 2 - !
Ethyl acetate 367 41 J33 17 7 2 .-

The aerossl droplet diameters of the test liguids showed marked

di fferences. The results of this early study indicate that, in the area

Y A

choaen for anslysis the diameter of the aerosol drcplets produced appears
to bhe controlled by the surface tensior of the liquid. Lower surface gs
teasion produces smaller draplets. The viscosity of the liquid does not 2

appear to effect dropiet diameter.

b. Effect of Flow Rate on Aerosol Production i

The rate of liquid flow to the active disseminator face was
varied to determine how the resulting aerosol might be z2ffected. ¥We were
chiefly concerned that the thickness of theliquid layer might change and
would influence the size ¢f aerosol dropiets formed. This iarger size, in
turn, could affect velocity of droplet travel. Measurerent results indi-

cated little effect of flow rate on either droplet dismeter or velocity.

For these experiments, disti)led water was introduced to the ac-

tive discesiaator area and aerosolized as previously described. At each

selected flow rate, single-flssh photographs for droplet size measureasnts
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and doubie-flash photographs for droplet velocity measurements =ere made
in quick succession. In addition, tuning was carefully adjusied between
cach flow setting to minimize changes in the disseminator performance.

Table IV indicates the resuits of analysis of the deta photographs. As
Ty before, an srea one wmiliimeter square centered 2z a distance of one mil-
'; E limeter from the active flace was investigated. For droplict size data,

3 all in-focus droplets were counted. For dreplet velocity, all in-focus,

N positively identified (by diameter and color) dreplet pairs were measured.

Table 1V

’ 3 AEROSOL VELGCITY AND BROP SIZE DISTRIRTIGN
) % AS A FESUTION OF LIQUID FLOW PATE

- ! . l
H - NQ. OF Av. .

.S RaTr Mitocity | DEVIATION P’ | prasren DROPLETS

_ : (a1/8s) (ma/sec) i/ sec) VEASUHED | tmicrons) | ST orD

i - 165 317 93 i8 28.4 19

x 125 227 ] 20 26.i 35

§ 20 . 02 22 28.8 28

- 60 218 89 i3 31.3 42
3 10 2% - 124 18 32 40

R 5 27 172 9 10 27.3 8

Except for a higher apparent average velocity noted at the high-
2.4 i est (165 ml/hr) flow rate, there appears to be no definite change in average
L3 aerosol droplet velocity with flow rate change. At the highest flow

rate, many of the droplet pairs were obscured by others and the result

is less reiiable. The rzading was included to indicate the maximum flow
rates that can be handled by the photographic technique. Average droplet

diameter also appears not to be affected by changes in fiow rates.

The narrow zerosol stream used for these measurements was neces-
sary for the photographic technique. For sctual operation, the dissesinator
souid suppor: flows of comsiderabiy higher rates, since liguid would be
flowed onto the cosplete active area. Pending actual triale at full flows,
we esticate that a rate of 100 ml/hr woxld corr: vcond to a flow rate of
between 5 and 8 liters/hr, if liguid were introduced over the entire active

area.




¢. Aerosol Stream at Distances from the Production Area

Some evidence pointing to droplet coalescence occurring at a
distance from the disseminator had teen noted in carlier experiments. [t

was thought that coalescence could accompary, or be caused by, reduction

in the veiocity of the droplet stream. Accordingly experimental data were
taken of aerosol droplet sizes and velocities at distances of 1 to 40 am
from the disseminator. As before, droplets contained in a one-nmillimeter-
square area about the nominal measurement point were analyzed. The liquid
measured was again distilled water, and the driving frequency of the dia-
seminator was 53 kHz. The liquid flow onto the active lace was kept cen-
stant zt 54 sl/hour for all measurements. The results of this series of

measurements are shown in Table V.

Table ¥

AERGSOL DROPLET SIZE AND VELOCITY VERSUS DiSTANCE
FROM THE ACTIYE FACE

DISTANCE AVERAGE AYERAGE NUMBER OF i AVERAGE NUNBER OF 1
FROX DROPLET DEVIATION DEOPLET GROPLET 'DROPLETS
ACTIVE VELCCITY VELOCITY PAIRS DIAMETER NEASISED
FACE (==) {zn/sec} (=a/sec) NEASURED {zicrous) 2
1 135 45.2 31 32.5 42
10 455 95 38 35.9 34
29 436 43 51 t 32.9 27
30 460 35.3 be] 37.0 37
40 455 36.8 ; 29 37.0 23

These measyrements showed a very rapid increase in droplet velocity to a
remarkably constant velocity at a distance of 1 told mm from the dis-
semipator. We have no definite explanation for this unexpected effect.
There is a possibility that the observed effect was caused by an entrained
airstrean. ¥hen a contisuous aeroscl stream i1s gererated. an airflow
pattern is produced around and within the stream with a direction of
travel parallel to the stream. It is therefore posszible that such an
airstream once staried could positively afifect the droplets away from

the disseminator while having less effect, or even 2 negative effect, on
dropiets only one millimeter from the face. Another possible explanation
is that the ultrasonic field generated in the air by the disseminator is
acting on the water droplets. This type of effect was shown to exist in

ecarlier work when aluminum particles were dispersed bv the same type of
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disseminator, and the effects of the uitrasonic field could be clearly
seen on the suspended particles.® Both possible reasons for the velocity
effect measured are only suppositions, and additional messurcments will

be necessary before definite answers can be given,

R - Droplet size distribution data showed that while some cozlescence
_ occurred as distance from the disseminator face increased, the percentzge
‘ S of small droplets remained high, actually increassing al some distances.

The ianteraction of these two effects kept the average droplet size rela-

S tively constant as a function of distarce. It should be noted that this

f:;" - is a rather insensitive way of determining coalescence, for the diameter

: incre2ses only as the cube roet of the volume; thus many coalescing drops

V:-}~ are required to change the Jdiameter of a droplet significantly. A clearer
"3 picture of the droplet size distribution can be obtained using the nisto-

‘3 grams in Figure 11. We think that evaporation may be playing a major role

ir. the continved presence of many small droplets at distance and that an

_ experiment using a hign-vapor-pressure liquid should be run to investi-

3 gate further the effect of distance on aerosol particle size distribution.

_ Coalescence into larger drops would occur more often in operation when

X ;‘%‘ the whole active surface of a device is used. The geometrical spreading

-8 of the thin aerosol stream we used increased average drop separation.

S The average deviations in the velocity reperted in Table V show that

collision and coalescence are likely to occur.

4. High Flow-Hate Devices

7 E - ¥ork previously performed on this contract produced a number of high
3 - fiow-rate devices. The most successful one has been described elsewhere.’
‘ . B Briefly, the vibrating device consists of a ceramic piezoelectric disk
P - bonded tec = resonant metal wedge. Figure 12 shows the device in longi-
- tudinal cross-section. The mode of vibratiea of the ceramic transducer
- produces a type of “rocking”™ of the circular wedge. The outside of the vi-
brating wedge is surrounded by ametal ring that feeds liquidto the vibrating
T surface through many circumferencial holes. Since thedesign procedures for

this device were somewhat empirical, an attempt was made to obtain some

design data from analysis. The circular wedge was first considered as

consisting of thin, independent lamina, in the shape of the cross-section
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FiG. 12 VIBRATION OF THE CIRCULAR WEDGE ATGKIZER

shown in Figure 12. The resonant irequency of the lamina, treating the

pninted end as being free and the cther fixed, is given by

"

O

.431 £ b

— —

]

B i 1

.

Here «w is the circular frequency, E is the medulus of elasticity. , is

the deasity, b and | are the base {1.e. radius of the circslar vedge) &nd
length respectively. The existing wedge devizes erie examined for reso-
nances in the frequency rasge predicled by this roemula.  Negative results
suggested that the assumed thin lamina wodel was toa simple. that is, ozne
cannot ignore hoop-iike vibration of tsie uppe: edge of tae wedge. Analjticel

vork was then pursued in whick the vibration 27 *ne 2ntire wedge was
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considered.

This work is described in Section I1-B; time did not allow

an experimental check of the analysis.

Since photographic techaiques Tor obtainiag droplet size distribu-

tions are not uscful at high flow rates, a standard sampling techaique

was adopted for use with these devices.

covered with a thick layer of magnest

Briefly, a microscope slide

oxide was passed through the

aerosel and the reosulting “hoies”™ in the powder layer were viewed with

4 microscope.

The numerous problems with this technique bave been

deseribed at length in the monthly and quarterly reports aand wiil not be
repeated here. At lower flow rates, the aerosol was sampled by this
procedure aud photcgraphed by the techeique described in the previous
sectien. Number versus diumeter dixtributions ebtained by the two tech-
nigues show the photographic technique to yield sharper distribetions of

droplet sizes.

v was fzter suggested that themagnesium oxide technique is poor
for this size range (40-50x droplets from the 23 klz- sec device) because
the sizes of the "holes” are not only a function of the droplet size but
also depend on the nature of the impact. It is ziso known that small
droplets {szy a2bout S indiameter) would tend to go around the slide.
The suggested alterpative procedure invelved a Stokes law type of gre-
cipitation of droplets. One could utilize a siaple verticzl settiing
of the droplets or trap the aerusol in a horizontal laminar flax of air,

from which the éroplets would graduaily settle cut.

B. Studies of Capiliary Waves and Asrosols

1. Step-Horr and As-sciated Equipment

The step-horn generator used in the cbservatiaan of capillary waves
and aercsols is shown in Figure 13. 1t ceasists of an alv=ainug. mechan-
ical velocity-trensformer bonded orto a PZT-3i ceramic transducer. This
device is driven at 26 kHz’/sec by & power 2mplifier beilt =t SRI. Wik
the inch-éiameter active ond horizantal. capilisry saves wcre cbserved
and photographed on this surfcce. A sodel VX-ils Exakia camera was used,
with extension tubes fs3r the low magnification photoz z2ad xith & =icro-
scope for the higher magnification photos. Aeresel production w=as
usually studied with the emitting face vertical. The =mster acresol thus

neither coats the optics ef our cbseriing devices nor shorts the cersmic
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transducer. In this arrangement the central hole is used to feed the
liquid onto the uctive surface.

The amplitude of the wmechanical vibration of the active tip of the
step~horn assenbly was meesured with & model K-D4S Fotonic Sensor sads
by Mechanical Technoiogy Inc. In this device, twe bundles of optical
fibers sre used in conjunction with a light seurce and a photediode,
Light transmittad from the source by one burdle of optical fibers is
incident on the vibrating surface. The reflected light, modulated by
the vibrating surface, travels to g photodiode by the other bundle of
optics] fiberzs. Thus. the device has the sdvantage that it does not
“load™ the vibrsting object to any appreciable degree. The main dis-
advantage of the Fotenic Sersor is that one cannot 2can acress a surface
snd sbtain relative inforgation.

2. Observstions

and
the excitation amplitude is varizd, a number of stages through which the

If a exz2ll quaniity of water is placed on a vibrating surface,

liguid pesses can be okserved with lov-power magnification. Starting
wich a low initial asplitude and increasing it slosiy, one first notices
that although Lhe liquid surface remains highly reflectivs, dust particles
are moving on this surface, and tiny bubbles are moving around in the
fluid. The next stage is characterizad by mere viclent motion of these
particies and generation of tiny air bubbles froa rough places in the
device surface. With more excitation, capillary wmaves appexzr arcurd the
edges of the liquid, accompanied by = partial loss of refiectivity. These
capillary waves appear es fire lines running approximately perpendicular
to the periphery of the liquid.

The photograph in Figure 14 shows the ridged vibrating device surface
with liquid on the left side of the photograph. A separste drep of water
appears ia the center. ¥ith more excitation these cepillary wave lines
exterd well into the major portion of the liguid surface (Figure 158), and
then the lines shoy evidence of breakup (Figure 15bJ. When the brezkup is
compie*e iFigur= 16), one sezes the doi-like patterns that are called
crossed capillary waves. Viewing the liquid surface without nagnifica-
tion, one seces a gsneral sgitation of the szrface and a asjor loss of
refilectivity.

o
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FIG. 16 CROSSED CAPILLARY WAVES
(f = 26 kHz, omp 2.5x 10~%cm,
magnification 50X)

ia the next stage of increased amplicude there are one or two
slightly raiszsd peaks froa which aeroscl 1s gently spewing, and the
surface has taken on the appearance of {rosted giass. The {inai stage
is characterized by aerosol emanating fr w cost of the surface and,
conseguently, 2 rap:d loss of the liquid. Some minor hissing sounds
are also associated with the process. but these may be partly due to

the 2rensducer itself.

59

———— s m——— =

¢t aabatiakh Shawdi

hf



¢. Capillary Waves

The exaistence and nature of capillary waves iz well described

]

in the works of Benjamin and Ursell? and of Eisenmenger.! The governing

equation has the forp of Mathieu’s equation

d?
- — " {p-29cos 2)¥ = O . (1)
; t

-

V is the amplitude of the capillary wave, andp and g are parazeters given by

: 4837
S P = tanrkh ki (2)
Puw?
g = 24 tank kR,
where
E = #¥a"? . p-2) | (3)

The a and b are the dimensicons of the waves in the two gerpendiculsr dire.-
tions lying in the plans of the liquid surface The other parameter= ars
given as follows: T 1s the surface tension, w i3 the . .rcalar excitatiror
frequency, h is the thichness of the liquid layer. and A :s the excitation
¥ amplitude of vibration of the base. Soimti:as of Hathieu's egustion are
= ::>~ shown 1n Figure 17 in terms of the parameters p and g. The hastched arses
are the regienas of the unstabie sclutions that centrol capillary warves.
:‘jg' Eisenmenger included a viscosity term in the governiag equation that
explains the capillsry-wave threshold. Its effect on the unstabiz solw-
- tions of Mathieu’s equation is to trunczte the unstable zones—tius

leasing the crossed-hatched areas i1r Figure 17 {the spacific arcas shown

are for the case in which tha liquid is water at roca teaperature).
Mathematical details of these solutions are desgribed atr lesgth i1n bocks
by McLachlen® and Hayashi,® the former showing the effect of 1acluding

the extra damping term. The theoretical azd experimeatal work of Benjama

and Ursell in the cycle per second frequeary region and by Eisenzenger in

P E1W ORI, AN Vs

the kilocycles to megacycle per second regica explaina 1n general, the
K nature of capillary waves. Eisenmenge has uszad the measurcment of
cepillary wavelength to detérmine the saurface teasion of varicas sayface-

active agents.




wd L0000 = ¥

w3 £000°0 = Vv

wd €0C0‘'0 s v

w2 21000'0 & V
|

(4]

L AR )
L .

S
o,
7.0"

=

M o
>
0’"
5SS

[

ST eRy
ST T

T-32900-400

FIG. 17 SCLUTIGN ZONES OF MATHIEU'S EQUATION



—p—

o -

The only mention of aerosol in these references is a statement
by Eisenmenger that sn aerosol is produced at » vibration amplitude of i
approximately four times the amplitude necessary for the formation of
capillary waves. If one assumes that kh in {2} and (3) is greater than
three (and rough measuremenis and calculations shew that for our case it
was), then the hyperbolic tangent terms may be set to unity. Mipor manip-
ulation then allows k to be eiiminated from (2) and (3} and the following

relation between p and g to b2 written in terms of known parameters.

4T ¢3
p = — z . (3)

m2 A3

For water and an exciting frequency of 25 kHz/sec, p versus g
curves have been calculated for various values of 4, the vibration amplitude.
These are the curves in Figure 17 that pass through the origin. Thus,
for this specific case, one can see that a vibratiorn amplitude of

A = 0.00012 cm ts necessary for the fermation of captllary waves.

Measurement with s noncontacting optical prote (MTI, Fotonic
Sensor, Model KD45) of the sibrational amplitude showed approximate agree-
ment with the capillary-wave threshold predicted by Eisenmenger. Mecasure- }

ments of the threshold of aerosol production alsc seemed to agree wiih his

claip of four times the vibration amplitude necessary for the capiliary
wave production. This is the A = 0.0005 cm curve in Figure 17. What

has been ncted and whet is believed to be of major significance is that

[UTD P,

the p versus ¢ line for an amplitude of four times the capillary-wave

threshold just intersects the truncated second unstable region. Thus,
at the inception of aerosol production one is just starting to exc:te :

the second unstabie core.

Aot 1dd

A calculation of the wavelength in the second regicn shews that

it is related to the wavelength in the first region by:

A, = 4‘1/3A‘ . (5)

It is suggested then that this additional nonintegrally-related

wavelength causes the disruption of the capiilary waves and is instru-

mental in producing aezosol.

9B b
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Measvrements of thresholds of capillary wave formation and of
aerovsol production are subject to some variation. One source of this
variation scems to be the presence of bubbles. Bubbles on the order of
0.25 mm to 0.5 mm in dianecter move around in the thin liquid layer and
they may initiate the formation of capillary waves and the production of
aerosols, possibly before the predicted thresholds arc reached. Bubbles

appear {rom rough areas in the vibrating surface or from a deep scratch.

b. Cavitation

Cavitation has also been cisimed as a basic mechanism in the
formation eof an aerosoi. In this process. the generation and collapse of
bubbles under intense somic forces cause a disruption ef the liquid
stirface. One sees cevidence of cavitation in the atomization process.

A polished aluminem vibrating surface from which aerosol has been proc-
duced shows evideace of cavitation damage. The surface takes on 2

“mott led” appearance that, with magnification, appears as numerous small
irregular pits. One can also perform a standard test for cavitation,
aslthough an exact definition of cavitation is someshat nebule.s. The

test consists of looking for the presence of chlorine in the atomization
of a solution of carbon tetruchloride and water. The action of cavita-
tion is to liberate the chlorinre. 1Its presence is detected by a potassium-
icdide test paper. The test indicated cavitation for our stepped-hern

device.

Other liquids react differently under the influence of the vibra-
ting surface. Anextremz contrast to water is supplied by castor oi1l. Its
surface tension 1s roughly half that of water and its viscosity is about
one thousand times greater. With castor oil, cne sees ne evidence of
capillary waves. Tiny bubkles move arourd in the thin layer, accompanied
by a hissing sound—a characteristic of cavitation. At fairly haigh
excitation cne sees 2 fuzzy central bubble with numerous branches and
subbranches {figure 18}. Thke central bubble als> takes on a siskly
yellow color. With the maximum axnount of excitation presentiy available,
no production of aerosol was noticed. With larger excitation, it is
expected that atomization wouid occur, and it appears from the above

description that cavitatior would be the basic mechanism. Because of
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FIG. 18 CASTOR OIL UNDER INTENSE VIBRATION
‘¥ = 26 kHz, omp not noted, magnification 7X)

the high viscosity— and high capillary wave threshold—ore expects
cavitation disruption sould occur in this !iquid well belox the capillary
wave threshold. This may be part of the key to the relative importance
of capiliary wave disruption versus cavitaticn disruption— that is, if
one teach-s the capillary wave threshold, controlled by viscesity,

before attaining the cavitation threshold, then the capillary wave
phenomenon will be the controlling mechanism. The converse situation

would thenr hold 1f the viscrosity was sufficiently high.

The appearance is differcnt when water is atomized at wmeasur-
able flow rates. Instead of the fairly thick (i1.e., surface tension
control) “puddle’ one finds a fairly thin layver on the vibrating surface
of the step-horn. This surface and the cmitted aerosol are shown in
Figures 19 and 20. Crude mcasurements of this iayer show it to be about
0.25 mm thick. Over the range of flow rates of 2 to 36 =l ‘min, tkis
layer maintains approximately the same thickness with only the wetted

area of rle horn tip {vibrating surface) varying.
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FiG. 20 CLCSE VIEW OF AEROSOL AND STEP-HORN
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IV SUMMARY AND CONCLUSIONS

The theory of incompressible, inviscid fluid flow was applied to find

the wavelength and stability of capillary vaves in a thin liquid laver

amplitude comparable to that of the reed tip oscillation are excited by

: over 2n oscillatiag reed. Results of this analysis shosed that saves of

§ simple resonance rather than by the parametric excitation that initiates
very small capillary waves. This implies that surface wave forms will be
stimple sinusoids. Assuming that the instability of these waves is a major
wechanisa for us-rosol formation, droplet sizes at formation shouid be
quite unifers. A second result is that pressure extremes occur at the
free surface, shere they are balanced bv inertial forces and surface ten-
sion. In this theory, internal tensile maxima for cavity formation arise

neasr the free surface of the liquid.

% An open question for theoretical and experimental study is a deter-
- mination of the boundaries betwcen the parametric and the resonant capil-

lary wave regimes. Examination of the real flaid effects of viscosity and

compressibtiity and observation of surface wave forms as a test of the

theoretical considerations arc also needed.

E An apparatus for the dissemination of aeroseis has been described.
A photo-epticai technique has been devised and perfected for measuring
velocity and size of aerosol droplets. The preliminary results of this

work lead to Lhe following conclusions:

] 1. Surface tension aprears to be a coutrolling factor in the
size distribution for the liquids examinead.

2. Rate of flow fo. distilled water in the range of flow
rates examined has u secondary effect on size and velocity
distributions.

3. Szmpling eof droplet size and velocity at varving distances
skoxs a remarkable uniformity afier the close-in sample.

This work is necessarily incomplete;: one cannot claim to understand

!
g
i
i aerosol generation from the high-flow devices on the basis of these
g results. The effect of differeat frequencies and the role of liquid

evaperation must be examined.
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The various stages of the excitation of a thin layer of liquid have
been examined and described. The theory of capillary waves is reasonably
well established, but the transition to aerosol still rests on an
empirical basis. A possible explanation has beer suggested for this
transition. It has been shown that cavitation piavs a role in the
production of acrosol, and that the relative balance between cavitation
and capillary waves as acrosoi generating mechanisms is probably governed
by the viscosity of the Jiguid. The governing mechaniss is determined by
whether the liquid reaches the cavitation threshold before attaining the
capillary wave threshold and its subzequent aerosol threshold. Further
work should examine liquids of varying viscosity tc check the proposed

hypothests.
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¥ EVALUATION ARD RECCHMENDATIONS

Work on 3onic generatiosn of acrosvls was Lerminated hefore any signif-
icant wdvances were made in understanding the physical process. Much of the
experinental effort described in this report was directed toward the devel-
opment of the theoretical and experimental tools needed in our <tudy. These

tools should be useful in any future study of sonic acrosel generation.

Among the preliminary results was a determination of particle size
in azrosols produced by one of our hign flowx-rate devices. Less than
1 nercent of the liguid mass was in the drops with diameters less than
10 microns. UDrop sizes could be reduced by lowering the surface tension
of the liguid or by raising the operating frequency of the device. We
do not know how easily surface tensions of zgents may be varied. The
cperating frequency of the wedge device in Figure 12 may most easily be
raized by making the dezice smaller. However, this change would also

reduce the flow rate.

Sonic serosol generators could be yseful in chemical weapons rescarch
in the following ways:

1. Clandestine dissemination of agents.

2. Harmless dissemination of incapacitating agents.

3. Laboratery tool for study of aerosols with controlled
drep sizes.

4. Dissemination of delicate chemical or biologicai
agents that would be rendered ineffective by explosive
dissemination.
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3 has been devised and used to give quantitative information on droplet size and veloc~

E .. 1 ity distributions. Capillary wave behavior las been examined experimentally and

O - compared with existing theory. A pcssible explanation of the transition of capillery
N waves to an aerosol has been suggested. 7The existence of cavitaticn during sonic
R aerosol. production from water was verified,
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